gated.
One difference between activation of c-Ret by GPIof GFR␣1 from primary cells and tissues, as well as alternative mechanisms for the presentation of GDNF in anchored (cis) versus soluble (trans) GFR␣s may lie on the localization of these receptors at the cell membrane.
trans to the c-Ret receptor. We have compared downstream signaling and biological activities following actiThe glycolipid moiety of GPI-anchored receptors is known to have affinity for specialized regions of the vation of c-Ret in cis and in trans, and studied the possible role of membrane rafts in the compartmentalization plasma membrane known as lipid rafts. These are liquidordered phase microdomains produced by lateral packand activation of c-Ret by the two mechanisms. Our results indicate that c-Ret can be recruited to lipid rafts ing of sphingolipids and cholesterol, scattered within a fluid, disordered phase of the lipid bilayer (Simons and by different mechanisms, independently of the presence of GPI-anchored GFR␣1, and support the physiological Ikonen, 1997; Ikonen and Simons, 1998). In addition to GPI-anchored receptors, several transmembrane recepimportance of the activation of c-Ret in trans as a means to potentiate and diversify the biological responses to tors, including G protein-coupled receptors and some receptor tyrosine kinases, as well as signaling proteins that GDNF family ligands. are anchored to the cytosolic side of the plasma membrane by saturated acyl chains, have also affinity for rafts Results
(Thomas and Brugge, 1997). Raft microdomains may help to compartmentalize sets of signaling molecules at both
Neuronal Precursors, Activated Schwann Cells, and Injured Sciatic Nerve Release Biologically sides of the plasma membrane, allowing them to interact with each other in a regulated manner, and at the same Active GFR␣1 to the Extracellular Space A prerequisite for the action of GFR␣1 as a soluble meditime preventing them from interacting with proteins excluded from rafts (Simons and Toomre, 2000) . It is thereator of GDNF responses in vivo is its release from the membrane of GFR␣1-expressing cells. GFR␣1 was fore possible that the cis and trans mechanisms of c-Ret activation differ in the engagement of raft microdomains readily detected in conditioned medium of differentiated RN33B cells ( Figure 1A ), a conditionally immortalized during signal transduction. In fact, Tansey et al. (2000) recently reported that c-Ret can be recruited to lipid neuronal precursor line that expresses GFR␣1 endogenously but not c-Ret (White et al., 1994; Trupp et al., rafts upon GDNF stimulation of cells expressing GPIanchored GFR␣1. These authors argued that stimulation 1999). We also detected soluble GFR␣1 in conditioned medium of primary cultures of proliferating Schwann of cells in trans with soluble GFR␣1 is unable to promote the recruitment of c-Ret to lipid rafts, although this was cells extracted from the newborn rat sciatic nerve (Figure 1A) . No cell death or disintegration could be obactually never tested in their study, and concluded that stimulation in cis is a more efficient means of activating served at the time of harvesting, indicating physiological release of GFR␣1. No GFR␣1 molecules could be dec-Ret and its downstream pathways.
In the work presented here, we have investigated tected in supernatants or lysates of cells that did not express this receptor ( Figure 1A ). whether activation of c-Ret in trans represents a physiologically relevant mechanism by examining the release
In the presence of GDNF, conditioned medium from Figure 1D ). presence of biologically active soluble GFR␣1. Comparable effects were observed with a dimeric GFR␣1-Fc
We also examined the possibility that c-Ret may be activated in trans by GFR␣1 molecules presented on fusion, indicating similar activities of monomeric and dimeric GFR␣1. Medium from RN33B cells had a small the membrane of adjacent standby cells, which themselves do not express c-Ret. Cocultures of MG87-Ret effect on its own due to small amounts of GDNF produced by these cells (Miles Trupp and C. F. I., unpuband RN33B cells were washed extensively prior to stimulation so as to eliminate soluble GFR␣1 molecules relished data).
Release of GFR␣1 could also be demonstrated ex vivo leased to the conditioned medium. GDNF stimulated significant c-Ret phosphorylation in these cocultures in conditioned medium of explants of adult rat sciatic nerve after 48 hr in culture ( Figure 1B) . Interestingly, (Figure 1E ), indicating that GFR␣1 can also mediate c-Ret activation in trans from the membrane of neighrelease of GFR␣1 was greatly stimulated in sciatic nerve explants taken 1 week after a crush lesion ( Figure 1B We investigated the localization of GFR␣1 and c-Ret in also more sustained in MG87-Ret cells stimulated in cells stably expressing these receptors individually or trans compared to MG87-␣1/Ret cells stimulated in cis together, and after stimulation with GDNF in the pres-(data not shown). Together, these data suggested that ence or absence of soluble GFR␣1. While GPI-anchored cis and trans signaling activate downstream pathways GFR␣1 was highly enriched in raft fractions of MG87-␣1 with different kinetics and that both mechanisms can cells, c-Ret was predominantly found outside rafts when cooperate to achieve optimal signaling in neurons coexexpressed in the absence of GFR␣1 ( Figure 5A ). Stimulapressing GFR␣1 and c-Ret. tion with GDNF had no effect on the distribution of individually expressed receptors (data not shown). Neuronal Differentiation, Neurite Outgrowth, Cell Transfection, Plasmids, and Pharmacological Treatments and Survival Assays Transient transfections were performed using the calcium phosFor MN1 cell differentiation assays, the numbers of cells with neuphate method. Enhanced GFP was fused C-terminally to a human rites longer than two cell diameters, and cells displaying spreading c-Ret cDNA and subcloned in pCDNA3. c-Ret mutants Y905F and (defined as large, phase-dark cells with a visible nucleus) were quan-Y1062F were made by site-directed mutagenesis as described elsetified relative to the total number of neurons counted in random where (Besset et al., 2000) . GDNF produced in insect cells as defields of four different wells in each experiment. GDNF was used at scribed (Trupp et al., 1995) was used at 50 ng/ml (2 nM) and GFR␣1-Fc a saturating dose (150 ng/ml, i.e., 6 nM) and soluble GFR␣1-Fc at (R&D Systems) was used at 150 ng/ml (833 pM), unless otherwise a subsaturating dose (300 ng/ml, i.e., 1.66 nM). The results reported indicated. Monomeric soluble GFR␣1 was obtained by Factor Xa are average of three independent experiments. Neuronal survival digestion of GFR␣1-Fc, followed by purification on protein G agaassays in dissociated cultures of E9 chick nodose ganglion and rose. For immobilization of GFR␣1-Fc to the culture substrate, paravertebral sympathetic neurons were performed as previously dishes or cover slips were treated with 10 g/ml GFR␣1-Fc in PBS described (Trupp et al., 1995) . To ensure that any increase in the for 2 hr at 37ЊC and then washed extensively with PBS. Control response observed after addition of soluble GFR␣1 would reflect coatings were done with human IgG. Pretreatments with K252a an enhanced efficacy of the combined treatment and not merely a (Calbiochem) were done for 30 min at 37ЊC prior to stimulation. MEK suboptimal supply of factor, GDNF was used at a saturating dose and PI3K kinase inhibitors PD98059 and LY294002 (Calbiochem) (150 ng/ml, i.e., 6 nM) and soluble GFR␣1-Fc at a subsaturating were used at 50 M.
Coexpression of c-Ret with GFR␣1 (MG87-␣1/Ret cells) resulted in a
dose (150-300 ng/ml, i.e., 0.83-1.66 nM). For differentiation assays, following coating with GFR␣1-Fc (see above), cover slips were further treated with polyornithine (1 mg/ml) and laminin (100 g/ml).
Schwann Cell and Sciatic Nerve Explant Cultures
Schwann cells were extracted from P1 rat sciatic nerves by collagePolysterene 5 m microspheres (Polysciences) were coated with 25 g/ml GFR␣1-Fc or BSA in borate buffer (pH 8.0) overnight at nase treatment and cultured in serum-containing medium supplemented with bFGF and forskolin. At confluency, cultures were room temperature, followed by several washes in PBS. For biochemical analyses, cultures of nodose or sympathetic neurons were mainswitched to serum-free medium and incubated for an additional 48 hr at which time conditioned medium was harvested, clarified by tained in the presence of BDNF or NGF, respectively, for 48 hr prior to acute stimulation with GDNF or GDNF plus soluble GFR␣1. high-speed centrifugation, and concentrated by ultrafiltration in
